Traumatic Brain Injury Initiates Neuroinflammation {#sec1-1}
==================================================

Traumatic brain injury (TBI) is a major health problem resulting in 2.8 million new incidences every year (Taylor et al., 2017). TBI is unique from other neurological afflictions in that it is caused by a discrete biomechanical event, termed the primary injury, and therefore affects individuals irrespective of age, sex, and/or baseline health status. Secondary injury, initiated by the primary mechanical insult, is driven by a number of positive-feedback cascades including neuroinflammation, cell death, excitotoxicity, blood-brain barrier (BBB) disruption, and mitochondrial dysfunction, all of which exacerbate neuronal dysfunction and tissue loss (Loane and Faden, 2010).

It has long been established that neuroinflammation is a major contributor to secondary injury. Indeed, it has been postulated that in many cases, TBI-induced neuroinflammation is more detrimental to pathological progression than the primary injury itself (Patterson and Holahan, 2012). Enhancing our understanding of signals that initiate and drive neuroinflammation is essential to understanding TBI-induced secondary injury. Simultaneously, a more comprehensive understanding of neuroinflammatory cascades over time may inform translational therapeutics that mitigate pathology. Here, we review the signals that can initiate immune cell reactivity in the brain in the acute timeframe following trauma. Literature searches were completed in PubMed using keywords including but not limited to neuroinflammation, microglia, cytokines, inflammasomes, damage-associated molecular patterns, ATP, oxidative damage, excitotoxicity, and monocyte-derived macrophages.

Neuronal Permeability Initiates Inflammation {#sec1-2}
============================================

In a landmark neuroimmunology paper, Davalos et al. (2005) observed that microglia adopt a more reactive morphology within minutes following a laser-generated lesion in the mouse cortex. However, it was unclear if rapid microglia reactivity was also sensitive to subtler pathologies that are more common in clinical presentations of diffuse TBI. In order to test this, we utilized a porcine model of closed-head, non-impact rotational acceleration TBI using a HYGE pneumatic actuator (HYGE Inc., Kittanning, PA, USA) (Cullen et al., 2016; Wofford et al., 2017). Importantly, this large animal model closely replicates the biomechanical parameters most relevant to closed-head TBI in humans, and has been shown to generate reproducible neurological and neuropathological deficits (Cullen et al., 2016). Prior to injury, we introduced a membrane impermeant dye into the parenchyma of the brain (Wofford et al., 2017). TBI-induced mechanical forces generated transient membrane perturbations in the neurons (Farkas et al., 2006), resulting in dye accumulation in cytoplasmic spaces of damaged cells before plasma membrane integrity was reestablished. Fifteen minutes after injury, residual dye was flushed out of the parenchyma, tissue was fixed, and immunohistochemistry was employed to assess neuropathology (Wofford et al., 2017). We observed that neurons were exclusively labeled with the cell-impermeant dye while astrocytes and microglia were not. These data suggest that neurons are preferentially vulnerable to mechanical stress-strain fields generated during closed-head diffuse TBI.

Furthermore, in this study microglia density increased and morphology became more reactive around permeabilized neurons acutely after injury (**[Figure 1](#F1){ref-type="fig"}**). Specifically, microglia around permeabilized neurons exhibited shorter process lengths and larger cell body diameters but did not exhibit the rod-shape that has been recently described in some rodent models of diffuse TBI (Ziebell et al., 2014; Witcher et al., 2018). Of note, microglia in regions absent neuronal permeability within injured brains were not significantly different in density or morphology from microglia found in uninjured control animals (**[Figure 1](#F1){ref-type="fig"}**). These data suggest that neuronal membrane perturbation -- directly resulting from mechanical tissue deformation -- could be a driver of acute immune activation in TBI. Additionally, animals experiencing multiple TBIs exhibited enhanced neuronal permeability and a qualitative increase in microglia reactivity suggesting that there could be interplay between baseline inflammatory states and ongoing pathophysiological cascades in driving the extent and consequences of neuronal injury (**[Figure 1](#F1){ref-type="fig"}**).

![Immune cells exhibit a reactive morphology around permeabilized neurons following diffuse traumatic brain injury (TBI).\
(A, a) Lucifer yellow (green), a cell impermeant dye, was taken up by permeabilized neurons following TBI. Microglia (ionized calcium binding adapter molecule 1 positive (Iba1^+^), purple) in the cortex of sham injured animals exhibit a scanning, ramified morphology (A) with enlarged call out box (a). (B--F, b--f) However, following TBI, microglia in the cortex (B, C, E, F) and hippocampus (D) localize around permeabilized neurons and adopt a more reactive morphology following severe (C, D, E) or mild (B, F) TBI with enlarged call out boxes (b--f). Repetitive moderate injuries separated by 15 minutes (E) and repetitive mild injuries separated by 7 days also generated reactive microglia (F). (G, H) Single cell quantification metrics indicated a significant change in immune cell morphology (G) and density (H) in regions proximal to permeabilized neurons. Scale bars: 100 µm. Images were adapted from Wofford et al. (2017).](NRR-14-1481-g001){#F1}

Importantly, within this study we observed neuronal permeability in the cortex, sub-cortical white matter, and in the hippocampus. It remains to be seen if distribution of permeabilized neurons is ubiquitous across all brain regions. However, previous research suggests that diffuse axonal injury at acute timepoints following diffuse TBI in swine exhibits different patterns across brain regions (Lafrenaye et al., 2015). Furthermore, recent work suggests that microglia exhibit unique morphologies and variable densities across gray and white matter and across different brain regions (Lawson et al., 1990; De Biase and Bonci, 2018). Indeed, it has been postulated that microglia exhibit unique, region-specific functions even during baseline brain function (De Biase et al., 2017; De Biase and Bonci, 2018). Moreover, microglia reactivity has been shown to vary significantly across species even when species are subjected to the same injury paradigm (Gorse and Lafrenaye, 2018). Together, these findings suggest that microglia are a highly sensitive cell population and generalization about microglia functionality is challenging since these cells can change their reactivity and function based on brain region and species, as well as with mechanism of neuronal injury induction and injury severity.

While it is tempting to use density and morphology characteristics to generate conclusions about immune cell behavior, it is important to note that morphology and density of immune cells cannot directly predict microglial phenotype or behavior. Recent evidence suggests that immune cells in the body, including microglia, can exist across a spectrum of behavioral phenotypes. Microglia have diverse effector functions ranging from secreting neuroprotective factors (Colton, 2009), releasing neurotoxic factors (Donat et al., 2017), and phagocytosing cells and cell debris (Takahashi et al., 2005). Interestingly, a recent report found that microglia are capable of selectively sequestering pathological proteins from the intracellular space of neurons without affecting non-pathological proteins (Spiller et al., 2018). Notably, the behavioral phenotype of immune cells is driven by environmental stimuli. Better elucidating environmental cues that are released as a result of primary mechanical trauma and secondary sequelae could better predict immune cell behavior following TBI.

Here, we consider a number of acute cues that could be passively or actively released following TBI to initiate immune cell activation. Passive cues released from either damaged or necrotic cells may contribute to immune activation. As we demonstrated, rapid mechanical stress-strain fields in the brain -- unique to TBI -- can cause membrane perturbation and passive release of chemoattractant cues and immune activators that are traditionally sequestered in the intracellular space (**[Table 1](#T1){ref-type="table"}**). Additionally, unregulated necrosis can release immune activators into the parenchyma, facilitating immune cell activation. Separately, upregulated transcription and translation of neuroinflammatory drivers can lead to an active amplification of local immune cell reactivity (**[Figure 2](#F2){ref-type="fig"}**).

###### 

Passive and active immunomodulatory cues are detectable following traumatic brain injury (TBI)

  Signal                                    Detection                      Source
  ----------------------------------------- ------------------------------ ------------------------
  **Examples of passively released cues**                                  
  ATP                                       Detectable within 15 minutes   Davalos et al. (2005)
  Glutamate                                 Peaks within 2 minutes         Katayama et al. (1990)
  HMGB1                                     Elevated from 3--24 hours      Okuma et al. (2012)
  Potassium                                 Peaks within 2 minutes         Katayama et al. (1990)
  **Examples of actively released cues**                                   
  TNF                                       Detectable within 17 minutes   Frugier et al. (2010)
  IL-1β                                     Peaks at 8 hours               Taupin et al. (1993)
  IL-6                                      Peaks at 8 hours               Taupin et al. (1993)
  MCP1                                      Peaks 4--12 hours after TBI    Semple et al. (2010)
  SP                                        Peaks at 30 minutes            Donkin et al. (2009)

ATP: Adenosine 5'-triphosphoate; HMGB1: high mobility group box 1; TNF: tumor necrosis factor; IL: interleukin; MCP1: monocyte chemoattractant protein 1; SP: substance P.

![Schematic of passive and active drivers of neuroinflammation following mechanical trauma.\
In the healthy central nervous system, cells rest at a steady state with crosstalk that balances extracellular signaling molecules, osmotic pressure, ionic concentrations, and vascular integrity. Following mechanoporation to neuronal membranes, a number of passive signals are leaked from the cell including DAMPs and glutamate which facilitate immune cell reactivity, intracellular calcium influx, ROS formation, and mitochondrial damage. After passive drivers initiate neuroinflammation, active drivers such as inflammasomes, proteases, ion transporters, caspases, exosomes, and infiltrating immune cells further amplify neuroinflammation and can even initiate a second wave of released passive signals. ATP: Adenosine 5′-triphosphoate; TNF: tumor necrosis factor; IL: interleukin; DAMPs: damage-associated molecular patterns; ROS: reactive oxygen species; EVs: extracellular vesicles.](NRR-14-1481-g002){#F2}

Passive Drivers of Neuroinflammation {#sec1-3}
====================================

Transient membrane permeabilization can release damage-associated molecular patterns (DAMPs), ions, and cytokines. DAMPs are proteins, nucleic acids, or other molecules that are present in the cells prior to injury and then passively released by damaged cells following trauma, resulting in immune cell activation. Importantly, DAMPs are released from damaged or necrotic cells but not from apoptotic cells (Bianchi, 2006), suggesting that immune cell behavior towards damaged and necrotic cells is distinct from immune cell behavior towards apoptotic cells. DAMPs are capable of initiating a robust immune response acutely following trauma (Bianchi, 2006; Kumar and Loane, 2012; Braun et al., 2017). DAMPs such as high mobility group box 1 protein, heat shock proteins, S100 proteins, uric acid, and heparin sulfate can all serve as acute immune cell initiators following trauma (Laird et al., 2014; Simon et al., 2017). Degradation of the extracellular matrix protein hyaluronic acid *via* hyaluronidases and reactive oxygen species (ROS), which are elevated following TBI, produces the lower molecular weight hyaluronan, initiating a pro-inflammatory response in damaged tissue (Xing et al., 2014). For a comprehensive review of DAMPs following TBI see Braun et al. (2017).

Additionally, adenosine 5′-triphosphoate (ATP), a storage modulus of chemical energy, acts as an important DAMP when released from damaged neurons into the extracellular environment. ATP has been well established as an acute immune cell initiator. ATP can be passively released when neurons are transiently permeabilized or actively released by astrocytes following injury (Davalos et al., 2005). Active release of ATP from astrocytes may act to amplify extracellular signals and function as a chemoattractant signal for immune cells. Interestingly, removal of ATP chemoattractive gradients after laser injury prevents microglia from rapidly extending their processes toward the injury site, suggesting that ATP may precede other acute immune signals (Davalos et al., 2005). Indeed, purinergic receptor activation in microglia can induce calcium influx, an essential secondary messenger, that induces microglial proliferation, chemotaxis, and inflammatory protein synthesis (Honda et al., 2001; Fields and Burnstock, 2006). Importantly, microglial stimulation with low or with high concentrations of ATP can generate unique microglia responses (Hide et al., 2000; Shigemoto-Mogami et al., 2001). For example, simulating microglia with 30 µM of ATP results in rapid but transient plasminogen release (Inoue et al., 1998). In contrast, stimulating microglia with 1 mM of ATP, a concentration associated with microglia reactivity *in vivo*, induces tumor necrosis factor-alpha (TNF-α) release followed by a later release of interleukin (IL)-6 (Hide et al., 2000; Shigemoto-Mogami et al., 2001; Davalos et al., 2005).

In addition to DAMPs, mechanically damaged neurons release high concentrations of potassium and glutamate into the extracellular space (Katayama et al., 1990). Extracellular glutamate activates N-methyl-D-aspartate (NMDA) receptors on local neurons to facilitate an influx of calcium (Özsüer et al., 2005). Unregulated calcium influx can lead to excitotoxicity, dysregulated energy transduction, mitochondrial damage, and generation of free radicals and ROS in the cytoplasmic space by overwhelming cellular antioxidant responses (Xiong et al., 1997; Bains and Hall, 2012). Increases in intracellular ROS can react with polyunsaturated fatty acids, ultimately resulting in destabilized cellular and mitochondrial membranes (Bains and Hall, 2012). Destabilization of cellular and mitochondrial membranes can initiate mitochondrial dysregulation as well as passive leakage of intracellular molecules into the extracellular space and thus generate iterative waves of DAMPs and passive initiators of neuroinflammation (Xiong et al., 1997; Verweij et al., 2000). Likewise, reactions between ROS and other biological molecules including proteins, carbohydrates, and nucleic acids can permanently alter the structure, and thus the function, of these biologics. In murine models of TBI, ROS levels were elevated one minute after trauma and maintained elevated levels for up to 30 minutes after injury (Hall et al., 1993). Following close head TBI in rats, lipid peroxidation was elevated from 30 minutes (the earliest time considered) to 48 hours after injury (Özsüer et al., 2005). Indeed, administration of memantine fifteen minutes after injury (to prevent NMDA channel opening), reduced the extent of lipid peroxidation in rats (Özsüer et al., 2005). Together, these data suggest that dysregulated calcium gradients initiate a number of potent and detrimental cascades in and around mechanically permeabilized neurons.

As well as inducing deleterious intracellular signaling cascades, accumulation of extracellular glutamate can simultaneously function as an initiator of immune cell reactivity (Faden et al., 1989; Weber et al., 1999). During healthy conditions, astrocytes sequester glutamate from synapses and recycle it to neurons (Tanaka et al., 1997), however, following trauma, excessive glutamate is released from neurons and impaired astrocytic clearance of glutamate generates excessive accumulation of glutamate in the parenchyma (Yi and Hazell, 2006; Cantu et al., 2015). Glutamate receptors, which are expressed on the surface of microglia, monocytes, and macrophages, facilitate an acute, inflammatory response to excessive glutamate in the tissue parenchyma (Kumar and Loane, 2012). Taken together, these data suggest that membrane mechanoporation can passively initiate a number of intracellular and intercellular signaling cascades that all contribute to neuroinflammation and secondary injury following TBI.

Active Drivers of Neuroinflammation {#sec1-4}
===================================

In addition to passive cues, active upregulation of the synthesis and release of various molecules can also drive immune cell reactivity (Woodcock and Morganti-Kossmann, 2013; Simon et al., 2017). It is well established that TNF-α, IL-6, and IL-1β are major drivers of neuroinflammation while IL-10 acts as an anti-inflammatory molecule. TNF-α mRNA and proteins are rapidly generated, producing detectable levels within minutes and reaching peak concentrations within a few hours after TBI in pre-clinical animal models (Taupin et al., 1993; Fan et al., 1996), and is also detectable within minutes in clinical presentations (Frugier et al., 2010). Likewise, IL-1β and IL-6 mRNA and proteins are also detectable at early time points after injury in pre-clinical models (Taupin et al., 1993; Fan et al., 1995; Hans et al., 1999; Kinoshita et al., 2002; Patterson and Holahan, 2012) and exhibit a slightly delayed expression profile in clinical presentations (Frugier et al., 2010). IL-10 also exhibited sub-acute expression in pre-clinical rodent models of TBI (Kamm et al., 2006) and elevated levels at sub-acute timepoints in clinical cases of severe TBI (Hensler et al., 2000; Hayakata et al., 2004).

Proteases can be another source of active inflammatory cues because they can process enzymes and cytokines into their bioactive form. For example, matrix metalloproteinases (MMP) activation has been associated with neuroinflammation, vascular dysregulation, BBB breakdown, white matter damage, neuronal death, and brain edema (Lo et al., 2002). In a closed head weight-drop murine model of TBI, MMP-2 (also known as gelatinase A), MMP-9 (also known as gelatinase B), and tumor necrosis factor-α-converting enzyme (TACE, also known as ADAM-17) were found at detectable levels within 10 minutes of injury and peaked within 1 hour of injury in the cortex (Zhang et al., 2016). Interestingly, TBI generated with an open head injury model of TBI exhibited a delayed production of all these proteinases, suggesting that injury mechanism could play an important regulatory role for these enzymes and their downstream byproducts (Zhang et al., 2016). MMP-2 and MMP-9 are important signaling molecules in neuroinflammation because they can cleave IL-1β from its inactive precursor form into its potent form in a caspase-1-independent pathway (Schönbeck et al., 1998). MMP-9 can rapidly generate active IL-1β within minutes while MMP-2 generated IL-1β after 24 hours of incubation. Notably, MMP-9-generated IL-1β was active and stable for up to 72 hours (Schönbeck et al., 1998). Following a closed head model of TBI, TACE exhibits a very pronounced and acute amplification in the brain (Zhang et al., 2016). Importantly, TACE is responsible for, among other things, converting membrane-bound pro-TNF-α to shed its ectodomain and become the soluble, paracrine signaling molecule TNF-α (Le Gall et al., 2009). Soluble TNF-α has been associated with more pro-inflammatory activities following injury (Brambilla et al., 2011). TACE can be turned "on" and "off" through a number of physiological signaling pathways including thrombin, epidermal growth factor, lysophosphatidic acid, dibenzoyl-ATP, and TNF-α (Le Gall et al., 2010). In clinical cases of TBI, MMP-2 levels were elevated in patient plasma 72 hours after injury. MMP-9 levels were also elevated in the cerebral spinal fluid at both acute and sub-acute timepoints relative to control patients (Grossetete et al., 2009; Guilfoyle et al., 2015).

In addition to proteases, formation of inflammasomes in both microglia and neurons can amplify the production of inflammatory signaling molecules. Inflammasomes are intracellular complexes that assemble in response to DAMPs and stimulate the production of pro-inflammatory factors. The inflammasome protein composition is largely dictated by the inflammatory stimulus that the cell perceives. Inflammasome-generating stimuli can be DAMPs such as ROS, host ectopic dsDNA or signals from dysfunctional mitochondria that are expressing cardiolipin on their outer membrane (Zhou et al., 2010; Iyer et al., 2013). The inflammasome complexes nucleotide-binding, leucine-rich repeat pyrin domain containing protein 1 (NLRP1) and absent in melanoma 2 (AIM2) are found within neurons (de Rivero Vaccari et al., 2009; Adamczak et al., 2014; Simon et al., 2017). These inflammasomes can generate large amounts of caspase 1 which subsequently amplifies IL-1β levels (de Rivero Vaccari et al., 2009; Adamczak et al., 2014). Interfering with the formation of these inflammasome complexes can reduce inflammation and contusion volume in a rodent model of diffuse TBI (de Rivero Vaccari et al., 2009). AIM2 inflammasome activation can induce neuronal death by generating plasmalemmal pores, ultimately leading to neuronal pyroptosis (Adamczak et al., 2014). Loss of membrane integrity may induce cell death *via* osmotic swelling and simultaneously release pro-inflammatory components into the parenchyma. Interestingly, selectively blocking pannexin1 pores before inflammasomes formed reduced cellular pyroptosis, suggesting that pannexin1 may be an important channel in neuronal cell death *via* pyroptosis (Adamczak et al., 2014). Separately, the inflammasome complex nucleotide-binding, leucine-rich repeat pyrin domain containing protein 3 (NLRP3) is found within microglia, astrocytes, and neurons (Fann et al., 2013; Liu et al., 2013; Simon et al., 2017). Following a weight drop model of TBI, NLRP3 mRNA expression increased incrementally over the first week (Liu et al., 2013). Activation of NLRP3 was also correlated with pro-caspase expression and cleaved caspase 1 expression (Liu et al., 2013). Likewise, IL-18 concentrations followed the same trend as increasing NLRP3 while IL-1β trends peaked acutely at 6 hours and decreased thereafter (Liu et al., 2013). Modulation of inflammasome formation in murine pre-clinical models results in reduced microglial activation, leukocyte infiltration, pro-inflammatory cytokine production, brain edema, and lesion volume while simultaneously improving neurological outcomes (Irrera et al., 2017; Ismael et al., 2018; Xu et al., 2018). Following clinical cases of severe TBI in a pediatric population, NLRP1 was detectable in some injured patients at acute timepoints while NLRP3 was elevated in all injured patients across all acute and sub-acute timepoints (Wallisch et al., 2017). Preclusion of inflammasome formation could be a unique way to prevent amplification of pro-inflammatory cytokines and neuronal pyroptosis following TBI.

In addition to inflammatory stimuli, BBB dysregulation can also drive acute neuroinflammation following TBI. Indeed, BBB permeability often exhibits a bi-modal increase over time following TBI, exhibiting elevated levels of BBB permeability acutely (within several hours) after injury and again sub-acutely (within days) after injury (Başkaya et al., 1997; Saatman et al., 2006). Likewise, this bi-phasic trend of BBB permeability has been observed in porcine models of closed-head diffuse mild TBI, where permeability was elevated both at 6 hour and 72 hour timepoints (Johnson et al., 2018). During TBI, diffuse shear forces throughout the brain can lead to mechanical disruption of the vasculature and generate microhemorrhages. Microhemorrhages can permit passive immune cell accumulation in the brain following TBI, allowing the infiltration of circulating erythrocytes, leukocytes, and lymphocytes (Bigler and Maxwell, 2012).

BBB permeability within capillaries can be increased through non-mechanical mechanisms. For example, the Na^+^-K^+^-2Cl^--^ cotransporter (NKCC1) uses ATP to transport sodium, potassium, and chloride into cells (Kahle et al., 2010). NKCC1 controls intracellular chloride concentrations in order to maintain intracellular solute concentrations and thus cellular volume at physiologically relevant levels (Kahle et al., 2010). Following TBI, NKCC1 mRNA and protein expression is upregulated from 2 to 24 hours after injury with maximal expression peaking at 8 hours (Lu et al., 2006, 2008). NKCC1 may play a role in driving secondary injury because inhibition of NKCC1 with bumetanide reduced neuronal damage, edema, and contusion volume following a rodent model of closed head TBI (Lu et al., 2006, 2008). Additionally, NKCC1 expression has been associated with BBB disruption. Inhibiting NKCC1 expression with bumetanide reduces the extent of BBB breakdown, edema, and behavioral deficits (Zhang et al., 2017). This effect most likely occurs because bumetanide prevents unregulated osmotic swelling, edema, and progressive secondary hemorrhages which amplify extravasation of blood components into the brain parenchyma (Kahle et al., 2010). Glutamate excitotoxicity and subsequent NMDA and AMPA stimulation can activate NKCC1 in neurons which increases intracellular sodium and chloride (Beck et al., 2003). Indeed, preventing NKCC1 activity in models of excitotoxicity can significantly ameliorate sodium and chloride accumulation in neurons and reduce the extent of cell death (Beck et al., 2003). Likewise, NKCC1 activity in astrocytes can be induced when the surrounding environment contains high concentrations of potassium -- a common characteristic of the environment following TBI (Su et al., 2001). Elevated potassium concentration correlated with increased intracellular chloride concentration and cell swelling, all of which could be prevented by administering an NKCC1 inhibitor (Su et al., 2001). Together, these data suggest that mechanical, as well as chemical factors contribute to reduced efficacy of the BBB after trauma.

In addition to local soluble signals and regulated receptor expression, activated immune cells can release extracellular vesicles (EVs) into the circulation to amplify neuroinflammation. Exosomes and microvesicles are cell-derived EVs that facilitate paracrine signaling (Raposo and Stoorvogel, 2013). Importantly, EV composition, and thus their effect, is largely dictated by the state of the cell that is producing the exosomes or microvesicles. Following TBI, microglia in the brain generate EVs that are released into the circulation (Kumar et al., 2017). Interestingly, separate reports have characterized microglia-derived EVs to be inflammatory and anti-inflammatory following TBI (Kumar et al., 2017; Huang et al., 2018). Previous literature suggests that microglial-derived EVs can initiate neuroinflammation even in the absence of injury (Kumar et al., 2017), but they can also play a protective role by downregulating neuronal inflammation (Huang et al., 2018). More characterization is needed to identify EV type (exosome versus microvesicle), timing, and contributions of inflammatory and anti-inflammatory microglia-derived EVs on injury progression after TBI.

When BBB permeability increases again days after injury, this facilitates a wave of peripheral immune cell activation and infiltration. Many factors that are actively secreted by cells can modulate the integrity and permeability of the BBB. For example, monocyte chemoattractant protein 1 (MCP1, also known as CCL2) is expressed by neurons, astrocytes, microglia, and endothelial cells and acts as a chemokine gradient for infiltrating leukocytes and simultaneously works to decrease tight junctions in the BBB (Semple et al., 2010; Yao and Tsirka, 2014). Previous studies in mice and humans identified that MCP1 levels are elevated in the brain and cerebral spinal fluid following TBI and levels of MCP1 are directly proportional to monocyte infiltration (Semple et al., 2010). Likewise, tissue plasminogen activator is expressed on endothelial cells and can facilitate transient BBB permeability for peripheral monocyte-derived macrophages (Reijerkerk et al., 2008; Yao and Tsirka, 2014). Finally, substance *P* (SP) is a neuropeptide released by sensory neurons to promote plasma extravasation and capillary permeability, leading to vasogenic edema (Corrigan et al., 2016). Indeed, SP levels increase within minutes of TBI in both pre-clinical animal models and human cases and can induce leukocyte recruitment, augment inflammatory protein production, and stimulate the expression of adhesion molecules on endothelial cells (Corrigan et al., 2016).

Interestingly, literature is somewhat contradictory about the consequences of immune cell infiltration into the brain following trauma. Preventing monocyte infiltration into the injured brain following a controlled cortical impact injury by knocking out the essential chemokine receptor, CCR2, resulted in larger lesion volumes, enhanced neuronal loss, and elevated cell death within one week following TBI (Semple et al., 2010). However, the same knockout study also resulted in reduced astrogliosis and smaller lesion volumes at chronic timepoints (Semple et al., 2010). Similar knockout studies of CCR2 resulted in improved functional recovery and elevated neuronal density after TBI (Hsieh et al., 2014). Separately, monocyte ablation studies with clodronate liposomes enhanced functional recovery following controlled cortical impact TBI in mice (Makinde et al., 2017). Decreasing the extend of macrophage recruitment following a murine model of controlled cortical impact resulted in reduced NOX2, indicative of ROS production, and simultaneously improved functional outcome (Morganti et al., 2015). In diffuse murine models of TBI, preventing monocyte infiltration was associated with reduced lesion volume, reduced axonal pathology, and increased mislocalization of pathological proteins (Gyoneva et al., 2015).

To further complicate interpretation, it is important to note that microglia and infiltrating brain macrophages can exist across a spectrum of behavioral phenotypes. Typically, the different phenotypes of microglia and macrophages can be dichotomized into the pro-inflammatory (M1) phenotype and the anti-inflammatory (M2) phenotype (Mosser and Edwards, 2008; Xu et al., 2017). The pro-inflammatory phenotype, or classically-activated cells, generate signals that amplify inflammation while the anti-inflammatory phenotype, or alternatively-activated cells, generate anti-inflammatory signals that resolve inflammation. Importantly, the pro-inflammatory versus anti-inflammatory dichotomy grossly oversimplifies the scope of immune cell activation and behaviors. Indeed, immune cells can have a number of different behavioral phenotypes which is largely driven by environmental stimuli. For example, following TBI, both pro- and anti-inflammatory phenotypes have been observed within the same tissue and occasionally have been observed within the same immune cell (Wang et al., 2013; Kim et al., 2016; Kumar et al., 2016; Morganti et al., 2016). These data may suggest that oversimplification of immune cell behavior could facilitate erroneous conclusions about the contributions of these cells to pathology and tissue regeneration (Ransohoff, 2016). Historically, scientists theorized that pro-inflammatory immune cells were responsible for secondary injury pathology so attempts to pharmacologically control microglia or macrophage behaviors were limited to eliminating the pro-inflammatory response and promoting the anti-inflammatory response (Cao et al., 2012; Xu et al., 2017). However, more recently, scientists have begun to appreciate that both phenotypes could play a significant role in regeneration (Simon et al., 2017). Specifically, one common hypothesis is that transient pro-inflammatory phase followed by a prolonged anti-inflammatory response could guide resolution of inflammation, repair of tissue, and generate trophic support for compromised cells (Spiller and Koh, 2017).

Most data suggest that peripheral macrophages contribute to secondary injury pathology by homing to the site of injury and amplifying inflammation (Hsieh et al., 2014; Morganti et al., 2015). While these data cannot be overlooked, contradictory results in the field of neuroinflammation could also suggest that peripheral macrophages play an important role in tissue preservation and regeneration (Semple et al., 2010). It remains to be seen if these differences in immune cell contribution to pathology and regeneration varies across species, injury model, and timepoint, or if the variability in macrophage contribution is simply the result of incomplete characterization of the phenotype of these cells. Indeed, it is widely established that immune cell behavior is highly variable across species (Zelnickova et al., 2008; Fairbairn et al., 2011; Spiller et al., 2016). Identification of pre-clinical models that most closely recapitulate immune cell contributions in clinical presentations of TBI, such as our translational TBI model in swine, are essential to develop a fundamental understanding of neuroinflammatory cascades in humans as well as to develop clinically relevant therapeutic interventions.

Concluding Remarks and Future Perspectives {#sec1-5}
==========================================

In conclusion, we observed immune cell reactivity around permeabilized neurons within minutes of closed-head diffuse TBI in swine (Wofford et al., 2017). Importantly, this animal model generates pathology mimetic of clinical TBI and could be utilized to better investigate drivers of acute and chronic neuroinflammation that are translationally relevant to clinical presentations (Cullen et al., 2016). In the future, we aim to elucidate the specific passive and active immune modulators that are received by immune cells and influence their phenotype. Within the context of these findings, we suspect that passive cues may primarily drive the immune cell reactivity that we observed within minutes of injury. Comprehending the chronology and extent of these signals across neuroanatomical regions following TBI may better inform immune cell characteristics such as cell phenotype, behavior, and fate. While therapeutic intervention within minutes is likely unrealistic for clinical cases, we suspect that elucidating the specific acute drivers of neuroinflammation will uncover phenotypes of the neuroinflammatory environment and present targets for later beneficial modulation.

Understanding how immune cell reactivity is initiated as well as the consequences of immune reactivity on neuronal health is essential for preserving the potentially beneficial effects of acute inflammation while minimizing the presumed negative consequences of prolonged inflammation. However, the behavior of immune cells, and thus the pathological implications, are highly variable. Within this paper, we reviewed recent evidence suggesting that the mechanism of injury, the injury severity, the location of the immune cells within the brain, and the animal species all contribute to immune cell behavior following TBI. As a result of these findings, we believe that a major challenge of the neuroinflammation field is extrapolation of data from pre-clinical model systems to generate information that has clinical applicability. We caution that interpretation of experimental results from model systems should appreciate that immune cell behavior often varies across species, brain region, and injury type and can exhibit both neurotoxic and neuroprotective functions.
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